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The Double Lives of Shuttling Minireview
mRNA Binding Proteins
hnRNPs Regulate Cytoplasmic mRNA Localization
Localization of RNAs to distinct regions within cells is
a powerful means of specifying cell fate and establishing
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cellular asymmetry during development. One prominentHouston Medical School
example is the localization of transcripts encoding my-Houston, Texas 77030
elin basic protein (MBP) in rat oligodendrocytes. It was²Department of Immunology
shown many years ago that fluorescently labeled MBPThe University of Texas
mRNA microinjected into the soma of oligodendrocytesM. D. Anderson Cancer Center
forms particles that are translocated into the myelin-Houston, Texas 77030
forming processes of these cells. This cytoplasmic local-
ization was later shown to be mediated by a 21 nt RNAThis is the Night Mail crossing the border, Bringing the
trafficking sequence (RTS) within the MBP 39 UTRcheque and the postal order, Letters for the rich, letters
(Ainger et al., 1997). More recently, a complex of sixfor the poor, The shop at the corner, the girl next door.
proteins was identified that interacts specifically withÐW.H. Auden
this RTS cis element (Hoek et al., 1998). hnRNP A2 is
the major protein present in this RNA binding complex.An mRNA synthesized in the nucleus has a long journey
Because hnRNP A2 shuttles between the nucleus andbefore it completes its task of directing the generation
cytoplasm, this suggested the possibility that A2 playsof a protein in the cytoplasm. The traditional view holds
a role in localizing MBP mRNA to oligodendrocyte pro-that the sojourn of an mRNA through the nucleus and
cesses. A recent study provided compelling evidencethe cytoplasm is shaped by a series of compartment-
that A2 does indeed act in this manner. Antisense oligo-localized regulatory proteins that each manipulate a sin-
nucleotides complementary with hnRNP A2 mRNA weregle chapter of the mRNA's journey. Here, we describe
shown to decrease cytoplasmic transport of either MBPrecent evidence suggesting that, contrary to this view,
RNA or a reporter RNA bearing an A2 binding site (Munroposttranscriptional events in the nucleus and the cyto-
et al., 1999).plasm can be functionally interconnected. A subset of
A role for hnRNP A2 in the process of mRNA localiza-RNA binding proteins called heterogeneous nuclear ri-
tion has gained further support from a recent study ex-bonucleoproteins (hnRNPs) plays a key role in mediating
amining the localization of transcripts from the Drosoph-this functional linkage between mRNA metabolism in
ila melanogaster pair-rule gene fushi tarazu (ftz) (Lall etthe cytoplasmic and nuclear compartments.
al., 1999). It was found that ftz transcripts fail to localizeIt has been known for some time that hnRNPs coat
properly to the apical cytoplasm of blastoderm embryospre-mRNA being synthesized in the nucleus. hnRNPs
unless they are preincubated with D. melanogaster em-possess DNA and RNA strand displacement and anneal-
bryo nuclear extracts. Surprisingly, human hnRNP A1,ing activities, providing the ability to reorganize nucleic
A2, and B could substitute for D. melanogaster nuclearacid structure. Consistent with these functions, hnRNPs
extract to promote ftz transcript localization, suggest-have been shown to participate in a wide variety of
ing that the functions of these hnRNPs are conservedprocesses in the nucleus, including transcriptional regu-
between widely divergent species. It remains to be
lation, maintenance of telomere length, immunoglobulin
determined how hnRNPs direct cytoplasmic mRNA lo-
class-switch recombination, alternative pre-mRNA splic- calization. Do these RNA binding proteins recognize cy-
ing and pre-mRNA 39-end processing (reviewed by toplasmic cytoskeletal motors, or do they use another
Krecic and Swanson, 1999). The view that hnRNPs func- mechanism to move mRNAs from one part of the cyto-
tion only in the nucleus was first shaken by the findings plasm to the other? It is interesting that several localized
of PinÄ ol-Roma and Dreyfuss that some hnRNPs shuttle mRNAs, including mouse MAP2A, mouse protamine-2,
between the nucleus and the cytoplasm (Krecic and and rat glial fibrillary-acidic protein, each contain a se-
Swanson, 1999 and references therein). This led to the quence similar to the hnRNP A2 binding localization
hypothesis that hnRNPs play a role in transporting element from the MBP 39 UTR, suggesting that hnRNP
mRNA out of the nucleus. More recently, several studies A2 may be involved in localizing a variety of mRNA tran-
have provided evidence that hnRNPs not only accom- scripts (Munro et al., 1999).
pany mRNAs into the cytoplasm but also control the hnRNPs Regulate Translation
activities of the mRNAs in the cytoplasm. These studies mRNA localization and translation are intimately linked.
show that hnRNPs can regulate at least three distinct Many localized mRNAs are translated only after reaching
cytoplasmic events: mRNA localization, mRNA transla- their final destination in the cytoplasm (Gray and Wick-
tion, and mRNA turnover. In this perspective, we will ens, 1998). It is therefore satisfying to find that hnRNP
examine these three cytoplasmic functions of hnRNPs A2, which dictates cytoplasmic mRNA localization, was
and discuss other mRNA binding proteins with nuclear shown recently to also have a role in translation. In
particular, hnRNP A2 was shown to enhance the transla-and cytoplasmic functions.
tion of a reporter mRNA bearing the 21 nt RTS cis-
element from MBP mRNA in vitro and in oligodendro-
cytes (Kwon et al., 1999). Thus, it appears that hnRNP³ To whom correspondence should be addressed (e-mail: ann-bin.
shyu@uth.tmc.edu). A2 is a key trans-acting factor coordinating both RNA
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localization and translation via the RTS translational en- hnRNP D can regulate mRNA stability. The results indi-
cate that hnRNP D exhibits a destabilizing action inhancer. It will be interesting to determine whether
cytoplasmic mRNA turnover and suggests that the dif-hnRNP A2 stimulates MBP translation in oligodendro-
ferentiation-inducing agent hemin may prevent hnRNPcytes only after hnRNP A2 directs MBP mRNA to the
D action by stimulating its sequestration into an inertmyelin-forming processes.
complex.Another striking example of a shuttling hnRNP that
The notion that ARE-containing mRNA is stabilizedregulates cytoplasmic translation concerns the phe-
by sequestration of hnRNP D was also supported by anomenon of translational silencing. 15-lipoxygenase
study showing that heat shock leads to translocation of(LOX), a key enzyme involved in mitochondrial mem-
hnRNP D to the nucleus and concomitant stabilizationbrane breakdown during erythroid cell differentiation,
of ARE-containing mRNA (Larola et al., 1999). This studycan be toxic, and therefore LOX activity must be care-
also revealed a provocative link between stabilizationfully restricted. LOX translation is repressed in bone
of ARE-containing transcripts and inhibition of the ubiq-marrow erythroid-precursor cells that contain abundant
uitin-proteasome pathway. Hsp 70 mRNA, an ARE-con-LOX transcripts, and this translational repression is re-
taining mRNA, becomes stabilized when HeLa cells areleased only when the precursor cells undergo further
heat-shocked or treated with a ubiquitin-proteasomematuration in the peripheral blood to become reticulo-
inhibitor known to elicit the heat-shock response. In-cytes. Recently, a 39 UTR silencer, called DICE, was
triguingly, both conditions also induced translocation ofidentified as a cis-acting mediator of this translational
hnRNP D proteins into the nucleus. Together, these tworepression (Ostareck et al., 1997). hnRNP K and E1 were
studies suggest that stress and differentiation cues leadshown to be regulators of DICE-mediated translational
to the sequestration of hnRNP D in an inert cytoplasmicsilencing, as ectopic overexpression of either specifi-
or nuclear complex so that this shuttling protein nocally silences the translation of reporter mRNAs bearing
longer exerts its normal cytoplasmic function of trig-the DICE silencer. By using an in vitro reconstituted
gering rapid mRNA decay.translation system, it was found that hnRNP K and E1
Nonsense-Mediated Decay: An Effect of Nuclearsilence the translation of LOX mRNA by inhibiting 80S
History on an mRNA's Cytoplasmic Fate?ribosome assembly (Ostareck et al., 1997).
The notion that nuclear RNA binding proteins can shuttlehnRNPs Regulate Cytoplasmic mRNA Turnover
to the cytoplasm with an mRNA to further regulate itsControl of mRNA turnover is a powerful means to regu-
activities suggests that the nuclear history of a transcriptlate protein expression. One class of regulatory cis ele-
can govern its cytoplasmic fate. A striking putative ex-ments that dictate the rate of mRNA turnover are the
ample of this is nonsense-mediated decay (NMD). InAU-rich elements (AREs), which are found in the 39 UTR
NMD, aberrant transcripts containing premature termi-of many short-lived mRNAs. AREs have been studied
nation codons (PTCs) are degraded, thereby preventingmore than any other class of RNA stability element,
the expression of potentially deleterious truncated pro-in part because the molecules that they regulate are
teins (reviewed by Maquat, 1995; Hentze and Kulozik,themselves critical regulatory molecules, including many
1999). Because the signal that triggers NMD is a non-cytokines, transcription factors, and oncoproteins (Chen
sense codon, it is generally believed that the cyto-and Shyu, 1995). AREs direct the destabilization of tran-
plasmic translation machinery is responsible for thisscripts in response to a variety of specific intracellular
RNA surveillance pathway. Surprisingly, it has beenand extracellular cues. Interestingly, hnRNP D (also
shown that a nonsense codon must be followed by ancalled AUF1) has been shown to have high affinity for
intron to trigger the decay of many mammalian tran-AREs in vitro (DeMaria et al., 1997). Two observations
scripts (Maquat, 1995; Carter et al., 1996; Hentze andsuggested that hnRNP D is an RNA destabilizing factor:
Kulozik, 1999). This has led to the notion of a two-signal(1) hnRNP D is part of a complex that accelerates turn-
rule: a stop codon (signal 1) and a downstream intron
over of c-myc ARE-containing mRNA in vitro; and (2)
(signal 2) are required to trigger NMD. This two-signal
increased hnRNP D expression correlates with de-
rule is attractive as it explains how normal stop codons
creased stability of ARE-containing mRNA in vivo (Chen can be distinguished from PTCs; normal stop codons
and Shyu, 1995; DeMaria et al., 1997 and references are usually in terminal exons, whereas PTCs are typically
therein). Although intriguing, it was not clear from these in internal exons that will be followed by an mRNA de-
findings whether hnRNP D actually destabilizes tran- cay±inducing intron.
scripts in intact cells. Because RNA splicing occurs in the nucleus, this two-
Recently, transfection studies showed that hnRNP D signal rule suggests that the nuclear history of an aber-
indeed can function as an mRNA destabilizing factor in rant PTC-bearing transcript profoundly alters its cyto-
vivo. Its role in regulating the stability of ARE-containing plasmic fate. How might this occur? A model has
mRNAs was examined in human K562 erythroleukemia evolved from recent findingsÐa marker protein that
cells (Loflin et al., 1999), a model that recapitulates some binds initially to intron-containing transcripts in the nu-
aspects of hematopoietic development. Treatment of cleus remains bound near the exon±exon junctions after
K562 cells with hemin to induce erythroid differentiation RNA splicing and then shuttles with the mRNA to the
dramatically blocks decay of reporter transcripts bear- cytoplasm to engage the NMD downregulatory mecha-
ing an ARE. Concomitantly, a hemin-induced high mo- nism (Maquat, 1995; Carter et al., 1996; Hentze and
lecular-weight complex containing hnRNP D appears. Kulozik, 1999). The mechanism by which the marker
Ectopic overexpression of hnRNP D leads to nearly com- protein avoids triggering the decay of wild-type tran-
plete restoration of rapid decay of ARE-containing scripts but instead only causes the decay of transcripts
harboring a PTC is not clear. One possibility is thatmRNA in hemin-treated K562 cells, demonstrating that
Minireview
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Figure 1. Model for How Shuttling mRNA Binding Proteins Regulate Events in Both the Nucleus and the Cytoplasm
PABP, poly(A) binding protein; eIF4F, eukaryotic initiation factor 4F.
during the first round of translation, translocating ribo- RNA on its own. In a recent issue of Molecular Cell, a
candidate marker protein that does directly bind to RNAsomes displace all the marker proteins from an mRNA
containing a normal stop codon in the 39 terminal exon, was reported (Gonzalez et al., 2000). It turns out to be
the hnRNP-like yeast protein Hrp1 (Nab4), which is athereby preventing the marker from triggering mRNA
decay. In contrast, prematurely terminated ribosomes nuclear-cytoplasmic shuttling protein that is also in-
volved in 39 end cleavage and polyadenylation. Evidenceon PTC-bearing mRNAs will fail to displace all the mark-
ers and thus the posttermination complex formed fol- for Hrp1's involvement in NMD includes the following:
(1) it is essential for NMD, (2) it specifically binds to thelowing translation termination will interact with one or
more of these markers and thereby signal mRNA decay. DSE, (3) it binds the RNA helicase Upf1p, which itself is
also required for NMD, and (4) a point mutation in oneWhat is the marker protein? Recently, Le Hir et al.
(2000) used a novel ultraviolet cross-linking strategy to of the two Hrp1 RNA binding domains prevent both its
ability to bind to the DSE and engage the NMD downreg-identify two candidate marker proteins left behind on
mRNA by the splicing machinery. They found that a ulatory response.
Perspectivesnuclear matrix-associated coactivator (SRm160) and a
core component of the U5 snRNP (Prp8p) were bound Several other RNA binding proteins besides hnRNPs
have been identified that not only function only in thenear exon±exon junctions after intron splicing in human
HeLa cell nuclear extracts. Another class of molecules nucleus but also regulate events in the cytoplasm. These
include the transcription factors Bicoid and FRGY2, andthat may serve as the marker are serine-arginine (SR)
proteins; a subset of these RNA splicing regulatory mol- the RNA splicing regulator SXL, which have all recently
been shown to regulate translation (Gray and Wickens,ecules bind to exonic sequences and shuttle between
the nucleus and the cytoplasm (Caceres et al., 1998). 1998; Matsumoto et al., 1998 and references therein).
Our knowledge of these RNA binding proteins suggestsOther candidate marker proteins come from S. cerevis-
iae, which uses a downstream exonic element (DSE) as that many of them first complex with pre-mRNAs in
the nucleus to regulate their activities and then escorta second signal to trigger NMD. One candidate is yeast
Upf3p, a nucleocytoplasmic shuttling protein essential mature mRNAs out to the cytoplasm to further influence
their behavior. However, this appealing scenario re-for NMD that binds to Upf2p, another protein required
for NMD (Hentze and Kulozik, 1999). Upf3p probably mains unproven. Even in the case of proteins known to
shuttle between the nucleus and the cytoplasm, it isparticipates in NMD by associating with RNA as part
of a large protein complex, as it cofractionates with not known whether these RNA binding proteins actually
direct (rather than follow) mRNAs to the cytoplasm. Incytoplasmic ribosomes but does not appear to bind to
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try 37, 7021±7029.appropriate for a given mRNA. According to this model,
Krecic, A.M., and Swanson, M.S. (1999). Curr. Opin. Cell Biol. 11,the particular shuttling proteins bound to the mRNA
363±371.determines where the mRNA will be localized in the
Kwon, S., Barbarese, E., and Carson, J.H. (1999). J. Cell Biol. 147,cytoplasm, its rate of translation, and its rate of decay.
247±256.It is possible that these shuttling proteins regulate these
Lall, S., Francis-Lang, H., Flament, A., Norvell, A., SchuÈ pbach, T.,posttranscriptional events by interacting with microtu-
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to the cytoplasm to regulate mRNA function provides an 1098±1108.
explanation for a series of observations that the nuclear Loflin, P.A., Chen, C.-Y.A., and Shyu, A.-B. (1999). Genes Dev. 13,
history of an mRNA can affect its cytoplasmic fate. For 1884±1897.
example, some genes have been shown to require in- Maquat, L.E. (1995). RNA 1, 453±465.
trons for efficient translation of their spliced mRNA prod- Matsumoto, K., Wassarman, K., and Wolffe, A.P. (1998). EMBO J.
ucts in the cytoplasm (Matsumoto et al., 1998). In addi- 17, 2107±2121.
tion, as mentioned earlier, introns are necessary to Munro, T.P., Magee, R.J., Kidd, G.J., Carson, J.H., Barbarese, E.,
engage the mammalian NMD RNA surveillance pathway Smith, L.M., and Smith, R. (1999). J. Biol. Chem. 274, 34389±34395.
that detects nonsense codons by a mechanism with Ostareck, D.H., Ostareck-Lederer, A., Wilm, M., Thiele, B.J., Mann,
M., and Hentze, M.W. (1997). Cell 89, 597±606.features of the cytoplasmic translational machinery. To
explain these observations, it has been hypothesized van der Houven van Oordt, W., Diaz-Meco, M.T., Lozano, J., Krainer,
A.R., Moscat, J., and Caceres, J.F. (2000). J. Cell Biol. 149, 307±316.that RNA binding proteins exist that regulate intron-
dependent events in the nucleus and then go on to
the cytoplasm to regulate subsequent events. Future
studies will be required to test this theory and, if it is true,
to identify the specific RNA binding shuttling proteins
involved and how they communicate with each other.
How RNA binding shuttling proteins themselves are
regulated also remains to be determined. Is their distri-
bution between the nucleus and the cytoplasm modu-
lated by environmental cues? Do posttranslational
events, such as phosphorylation and methylation, alter
their ability to control gene expression events in the
nucleus or the cytoplasm? The answer appears to be
yes, as a recent study showed that the p38 stress-acti-
vated mitogen-activated kinase alters the nucleocy-
toplasmic distribution of hnRNP A1 in response to os-
motic stress, leading to changes of alternative splicing
(van der Houven van Oordt et al., 2000). As stress-acti-
vated signaling pathways are fundamental to the life
and death of cells, they could play a key role in modulat-
ing the functional linkage between mRNA metabolism
in the cytoplasmic and nuclear compartments under
both physiological conditions and stress responses. The
answers to these questions will ultimately tell us much
about how communication between the nuclear and cy-
toplasmic compartments is orchestrated.
